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Abstract
The overall goal of this research is to investigate the relationship between nutrient 
cycling and heavy metals in soil. Extracellular enzyme activities were measured as a 
representation of nutrient cycling in soils collected from a heavy-metal contaminated area 
where four study sites lie along a gradient of increasing metal load. The site, which was 
previously a rail yard, is located in Liberty State Park (LSP) in Jersey City, NJ that was 
closed to the public about 40 years ago and remains closed. My hypothesis is that heavy 
metal contamination impacts the microbial communities in the soil and therefore the 
extent of nutrient cycling. I selected three enzymatic activities, phosphatase, 
cellobiosidase, and L-leucine-aminopeptidase, which are representative of C, P, and N 
cycling respectively. The results of the enzyme activities of soil from LSP have shown 
that the highest of all three enzyme activities is in soils at the highest metal load site. I 
have also studied whether the soil is acting as an inhibitor to the enzymes. The study 
concludes that the metals in the soil do not inhibit the enzymes. The variation of the 
phosphatase activities and heavy metals were also determined within each site at LSP as 
well at a reference site, Hutcheson Memorial Forest located in Franklin Township, NJ. It 
was determined that the variation of both the phosphatase activities and heavy metal 
concentration varied most at the highest metal sites. Finally, the microenvironments were 
studied to examine the relationship between specific surface area and extracellular 
enzyme activities as well as the heavy metals. It was determined that the extracellular 
enzyme activities, specific surface area, and heavy metal concentrations (V, Cr, Cu, Zn, 
As, and Pb) were the highest at the smallest size particle (silt and clay) and were the 
lowest at the largest size particle (coarse sand). This research will give insights into 
heavy metals and the health of the soil and the soils’ microenvrionment.
1
THE RELATIONSHIP BETWEEN EXTRACELLULAR ENZYME ACTIVITIES, 
HEAVY METALS AND PARTICLE SIZE IN SOIL
A THESIS
Submitted in partial fulfillment of the requirements 
For the degree of Master of Arts
by
DIANE FRANCES HAGMANN
Montclair State University
Montclair, NJ
2015
3
MONTCLAIR STATE UNIVERSITY
Relationship Between Extracellular Enzyme Activities, 
Heavy Metals and Particle Size in Soil 
by
Diane Frances Hagmann 
A Master’s Thesis Submitted to the Faculty of 
Montclair State University 
In Partial Fulfillment of the Requirements
For the Degree of 
Master of Arts 
May 2015
Committee Member Nihä Goodey
Committee Member Sandra Passchier
mitttee Member Jennifer Krumins
2
Table of Contents
Abstract 1
Thesis Signature Page 2
Title Page 3
Acknowledgements 5
List of Figures 6
List of Tables 9
Thesis Text 10
Literature (Cited) 44
Figures 51
Tables 68
4
Acknowledgements
I would like to thank my committee, Joshua Galster, Nina Goodey, Jennifer Krumins, and 
Sandra Passchier. I felt like I had four advisors and I appreciate the time each person has 
made to advise me through this project. I want to thank Joshua Galster with helping me 
keep on schedule with classes as well as the project. I would like to thank Jennifer 
Krumins with taking the time to collect soil at Liberty State Park and Hutcheson 
Memorial Forest and introducing me to the microbial world of soils. I also want to thank 
Sandra Passchier for letting me use the Mastersizer 2000 and helping me understand the 
data and relationship to the project. In addition my committee I would like to thank the 
undergraduates I got to work with and who helped add to the project. I would like to 
thank Cherelle McGlone who began this project with measuements of the enzymes, 
which I then expanded. I also thank several undergraduates including Carolyn Mathieu, 
Eleanor Ojinnaka, Thammana Misbah, and Danielle Le Roux. In particular, I want to 
thank Nina Goodey who has made a considerable amount of time for me throughout the 
project. I appreciate the advice she has given me about how to analyze my data and how 
to focus my time. Thank you Nina for also being my friend and helping me with my 
professional growth as a scientist as well as a person. I have grown so much throughout 
this project. I have learned a great deal and would like to thank everyone again.
I also want to thank my loving and supporting family including my mom, dad, and 
brother as well as my boyfriend, Phil Brown.
5
List of Figures
Figure 1. Map of Liberty State Park (LSP) based on Total Soil Metal Load. The figure is 
from Gallagher et ah, 2008.
Figure 2. Extracellular enzyme activities (pmoHgdry^hr1) of phosphatase, 
cellobiohydrolase, and L-leucine-amino-peptidase of soils from HMF, LSP sites 48 (low 
metal load), site 43 (low metal load), site 14 (high metal load), and site 14/16 (high metal 
load). The highest extracellular enzyme activity for all three enzymes was found at site 
14/16.
Figure 3. Heavy metal concentrations (V, Cr, Cu, Zn, As, and Pb) of HMF and LSP sites 
48, 43, 14, and 14/16 in pg/gdry. The heavy metal concentrations were determined by acid 
digestion of soils and by use of an ICP-MS.
Figure 4. Alkaline Phosphatase activity (pmol/units*hr) of different weights of 
autoclaved soil (O.lg and 0.5g) with the addition of purchased alkaline phosphatase 2x10' 
4 units/pL.
Figure 5. Alkaline Phosphatase Activities (pmol/units*hr) of MES buffer (with Mg2+ and 
Zn2+ ions) + phosphatase enzyme (lxlO'3 units/pL) compared to MES buffer (with Mg2+ 
and Zn“ ions) + autoclaved soil (lg, P5 cycle) + phosphatase enzyme (1x10 units/pL).
Figure 6. Phosphatase Activities (pmol/gdry*hr) of Addition of heavy metals (none, low, 
medium, high) concentrations for a variety of metals (V, Cr, Cu, Zn, As, Pb).
6
Figure 7. Heavy metal concentrations (pg/g) of the pins (1-5) of soils from HMF.
Figure 8. Heavy metal concentrations (pig/g) of the pins (1-5) of soils from LSP 48.
Figure 9. Heavy metal concentrations (pg/g) of the pins (1-5) of soils from LSP 43.
Figure 10. Heavy metal concentrations (ptg/g) of the pins (1-5) of soils from LSP 14.
Figure 11. Heavy metal concentrations (pg/g) of the pins (1-5) of soils from LSP 14/16.
Figure 12. Phosphatase Activities (pmol/gdry*hr) of the average of pins (1-5) of each site: 
HMF, LSP site 48, 43, 14, and 14/16. The standard deviation of the five pins indicates 
the variation of the site. The standard deviation of the overall site is of three assays 
performed.
Figure 13. Heavy metal concentrations (pg/g) of six metals (V, Cr, Cu, Zn, As, and Pb) 
recently determined in 2012 compared to concentrations of the same metals determined 
by Dr. Gallagher in 2005.
Figure 14. Phosphatase Activities (pmol/gdry*hr) of the pins (1-5) of soils from HMF. 
Figure 15. Phosphatase Activities (pmol/gdry*hr) of the pins (1-5) of soils from LSP 48.
Figure 16. Phosphatase Activities (pmol/gdry*hr) of the pins (1-5) of soils from LSP 43.
Figure 17. Phosphatase Activities (pmol/gdry*hr) of the pins (1-5) of soils from LSP 14.
Figure 18. Phosphatase Activities (pmol/gdry*hr) of the pins (1-5) of soils from LSP 14/16.
7
Figure 19. Phosphatase activity (pmol/gdry*hr) for soils from HMF, LSP 43, and LSP 
14/16. The activity was determined for the unfractionated soil (<2mm), and each fraction 
(coarse sand, fine sand, silt, and clay).
Figure 20. Exchangeable heavy metal concentrations (pg/g) for soils from HMF, LSP 
sites 43 and 14/16. The heavy metals (V, Cr, Cu, Zn, As, and Pb) were determined for the 
unfractionated soil (<2mm), and each fraction (coarse sand, fine sand, silt, and clay).
Figure 21. Specific surface area (m2/g) of soils from HMF, LSP sites 43 and 14/16 
(<2mm) and fractions (coarse sand, fine sand, silt and clay).
Figure 22. Organic Matter (LOI%) for soils from HMF, LSP sites 43 and 14/16 (<2mm) 
and fractions (coarse sand, fine sand, silt and clay).
Figure 23. Percent moisture (%) for soils (<2mm) from HMF, LSP sites 43 and 14/16. 
Figure 24. pH of soils from HMF, LSP sites 43 and 14/16 (<2mm).
8
List of Tables
Table 1. List of synthetic substrates with Sigma Aldrich #, and the extracellular enzymes 
function.
Table 2. Heavy metal concentrations (pg/gdry) of six metals (V, Cr, Cu, Zn, As, and Pb) 
for soils from each site (HMF, LSP 48, 43, 14 and 14/16).
Table 3. Pearson Correlations (r) of enzyme activities (Phosphatase, Cellobiohydrolase, 
and L-Leucine-amino-peptidase) with various heavy metals and moisture. The p value, 
how significant the correlation was is in parenthesis.
Table 4. Pearson Correlations (r) of enzyme activities (Phosphatase, Cellobiohydrolase, 
and L-Leucine-amino-peptidase) with other enzyme activities.
Table 4. Pearson Correlations (r) of phosphatase activities with various components of 
the soil (total soil N (TSN%), total organic carbon (TOC%), P concentration, and particle 
size distribution (percent gravel, coarse sand, sand, fine sand, clay/silt)).
Table 5. Average of the phosphatase activities (pins 1-5, pmol/g*hr) and heavy metal 
concentrations (V, Cr, pg/g) from each site (HMF, LSP 48, 43, 14 and 14/16).
Table 6. Percent standard deviation (%) of the phosphatase activities (pins 1-5) and heavy 
metal concentrations (pins 1-5) (V, Cr) from each site (HMF, LSP 48, 43, 14 and 14/16).
Table 7. Average of pins 1-5 for the heavy metal concentrations (Cu, Zn, As, and Pb, 
pg/g) from each site (HMF, LSP 48, 43, 14 and 14/16).
9
Introduction
Industrial activity and other anthropogenic activities, which introduce heavy 
metals into soils, threaten the complex soil system. Heavy metals can reduce plant 
communities and microbial communities (Haider and Schaffer 2009). Heavy metals are 
metals or metalloids that have a relatively high density (>5g cm'3), and include the metals 
Cu, Pb, Cd and metalloids such as As, Sb and Se. In this document, these metals will be 
referred to as heavy metals, even though metalloids can behave chemically as non-metals. 
Some heavy metals are important in soils, including Cu, Fe, Mn, Mo, Ni, Co and Zn. 
These heavy metals are either beneficial elements in plants or are having essential 
functions in nutrient cycling. For example, Zn is an essential micronutrient in plants and 
plays an important role in photosynthesis (Alloway et al., 2013).
Most naturally occurring heavy metals originate from the minerals in the geologic 
parent material. Parent material is rock or drift material, is one of the factors in the 
formation of soil (Alloway et ah, 2013). There are other factors in the formation of soil, 
including climate, organisms, relief, parent material and time, which is also known as the 
‘clorpt’ equation (Jenny 1941; Phillips, 1998). When parent material has undergone 
chemical weathering, the minerals from the parent material are decomposed, yielding the 
mineral’s constituent elements in soluble form. The other product produced can continue 
to undergo chemical reactions and form an insoluble secondary mineral. When a trace 
element, like a heavy metal, is in an insoluble residue, locked within the crystal lattice of 
the mineral, it is unlikely to be taken up by plants, and therefore not bioavailable. The 
concentrations of all heavy metals that are decomposed and not retained in an insoluble 
mineral matrix do not typically exceed 1000 ppm (Alloway et al., 2013).
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Soils are complex systems, and contain interactions between the biosphere, 
hydrosphere, geosphere, and atmosphere. This research focuses on the interaction 
between the geosphere and biosphere, which is an important part of biogeochemical 
processes. Biogeochemical processes are the cycling of nutrients and the availability of 
the nutrients (Inglett et al., 2008). Nutrient cycling is different from biogeochemical 
cycling because nutrient cycling focuses on the fate of one nutrient, for example N. 
Nutrient cycling is enhanced by the activities of soil microorganisms (Brady and Weil, 
2008). Soil microorganisms include bacteria and fungi; both decompose the organic 
matter in soil. In the process of the decomposition of organic matter, microorganisms 
convert organically bound forms of N, P, and C into mineral forms that can be taken up 
by higher plants in N, P, and C cycling respectively (Brady and Weil, 2008).
Anthropogenic activities, like farming and industrial activities, have impacted 
biogeochemical processes in soils. The introduction of heavy metals in particular can 
have a negative effect on the plant community as well as the microbial community 
(Krumins et al. 2015). Several heavy metals are essential to plants, but in excess they can 
have toxic effects. According to several studies, metal concentrations in excess will 
negatively affect the population of soil organisms (Alloway et al. 2013; Kuperman et al. 
2000; Friedlova et al. 2010; Haider and Schaffer, 2009).
In some cases, the microbial community will shift to adapt to the contaminated 
environment (Krumins et al., 2015; Miki, 2012; Hagmann et al. in revision). Several 
studies have studied the effect of addition of a variety of heavy metals to soil, and saw a 
shift in population from bacteria to fungi, which lasted for several years, while others 
found effects only lasting a few days after exposure (Doelman and Hanstra, 1979;
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Chander et al., 2001; Haider and Schaffer, 2009). One mechanism microorganisms have 
developed to cope a variety of toxic heavy metals is a metal resistant transferable 
phenotype, which can serve as an indicator of soil contamination with heavy metals 
(Ryan et al., 2005; Haider and Schaffer, 2009). Overall, microbial communities tend to 
shift to cope with addition of heavy metals in soil, but only up to certain metal 
concentrations.
The broad goal of this thesis is to study the relationship between heavy metals and 
selected extracellular enzyme activities, the variation of heavy metals and enzyme 
activities within a site, and the relationship between particle size enzyme activity and 
heavy metals. As such, I present three chapters that investigate various parameters 
influencing nutrient cycling in the soils of a heavy metal contaminated site along with a 
uncontaminated reference site to gain new insights into the health of soils. This research 
will explore reasons the forest in LSP is productive by looking at the nutrient cycling of 
these soils as measured by the activities of the selected extracellular enzymes. The 
findings of this research have applicability to remediation of urban contaminated forests.
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Chapter 1: Effect of Heavy Metal Contamination on Selected Extracellular Enzymes in 
Soil
1.1 Introduction:
The goal of this portion of the research was to understand the relationship 
between nutrient cycling and heavy metals. One of the important roles the 
microorganisms, bacteria and fungi, play in the soil is breaking down organic matter into 
nutrients important for plant growth (Haider and Schaffer, 2009). The microorganisms 
exude extracellular enzymes to catalyze the decomposition of organic matter in the soil or 
are involved in the formation of soil organic matter (Burns et al., 2013; Haider and 
Schaffer, 2009). The hydrolytic enzymes, specifically cellulose and lignocellulose, are 
important in contributing to the decomposition of organic matter into soluble monomers 
that can be taken up by plants (Wallenstein et ah, 2008; Moorhead and Sinsabaugh, 2006; 
Wallenstein et ah, 2009; Nannipieri et ah, 2002). Numerous hydrolytic enzymes have 
been identified in soils; for this research we are studying three extracellular enzymes, L- 
leucine-amino peptidase, cellobiohydrolase, and phosphatase (alkaline phosphatase), 
which are representative of the N, C, and P-cycling, respectively (Haider and Schaffer, 
2009).
Several methods can be used to determine the extracellular enzyme activity, such 
as adding a fluorophore (fluorescent tagged substrate) to a soil slurry and measuring the 
fluorescence produced or adding a chromophore (substrate that forms a colored 
compound) to a soil slurry and measuring the absorbance (Wallenstein et ah, 2008). The 
method chosen for these studies involved adding a synthetic substrate linked to a
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fluorescent molecule to a soil slurry, and measuring the fluorescence over time. A soil
slurry is a mixture of soil and buffer at a pH of the soil. Extracellular enzyme activities 
measure the maximum rate of the reaction at a particular temperature (Wallenstein et al., 
2008).
The soils of our study site, LSP, contain a variety of metals including As, Cr, Cu, 
Zn, Pb, V, and Hg, that have persisted in the soil for over 40 years. Extracellular enzyme 
activities can give insight into health of the soil (Haider and Schaffer, 2009; Marx et al., 
2001; Dick et al. 1994). Several studies have shown a decrease in extracellular enzyme 
activity with increasing heavy metal contamination (Kandeler et al. 2000). In the study 
by Kandeler et al. (2000), heavy metals such as Zn (300 ppm), Cu (50 ppm) and Cd (3 
ppm) were added to the soil in the lab, the enzyme activities, alkaline phosphatase, urease, 
and xylanase, decreased in enzyme activity with the highest metal concentrations, after 
the added metals remained in the soils for ten years. However, according to Giller et al. 
(1998), experiments where metals were added in the laboratory cannot be compared to 
metals found in the field. Yet, in two field experiments, one where heavy metals existed 
in soils from military activities at a site in Maryland and the other were heavy metals 
existed in sediments in the Czech Republic, also found enzyme activities decrease with 
increasing heavy metal concentrations.
The metal concentrations vary across Liberty State Park (Gallagher et al., 2008a). 
Four study sites along a transect of increasing metal load were studied to understand the 
relationship between nutrient cycling, measured by extracellular enzyme activities, and 
heavy metal concentrations (Krumins et al., 2015; Hagmann et al. in revision). My 
hypothesis was that the extracellular enzyme activities, phosphatase, cellobiohydrolase,
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and L-leucine-amino-peptidase would decrease with increasing heavy metal 
concentrations.
1.2 Methods
1.21 Site Description
Our study site, LSP, is located within a 251-acre plot closed off to the public in 
Jersey City, NJ (40° 42” 16 N, 74° 03' 06 W). The soils have a variety of heavy metals 
(As, Cr, V, Cu, Zn, Pb) at concentrations above ambient concentrations of New Jersey 
soils and are unevenly distributed (Saunders, 2002; Gallagher et al. 2008a). LSP was 
previously an Native American cove known as Communipaw Cove, which the area was 
later purchased by the Central Railroad of New Jersey (CRRNJ) around 1860 (NJDEP; 
Surabian, 2012). The cove was filled with waste from New York City, dredge spoil, and 
ship’s ballast (Surabian, 2012). Fill was added to the cove between 1860 and 1919 to 
expand the railroad yard (Surabian, 2012; Gallagher et al. 2008a). In 1967, the CRRNJ 
declared bankruptcy and ceased operation with all train traffic rerouted to Pennsylvania 
Station in Newark (Surabian, 2012).
There are a variety of vegetation at LSP, which vary within the 234 acres, were 
identified by the United States Army Corps of Engineers, range from successional 
northern hardwood to successional shrubland to maritime shrubland to name a few 
(Gallagher et al. 2008a, USACE 2004a,b). Four sites were chosen from LSP that were 
positioned along a transect of increasing total metal load. These sites include site 48, 43, 
14, and 14/16 (Figure 1). LSP sites 48 and 43 have low total metal loads while sites 14 
and 14/16 had high total metal loads (Gallagher et al. 2008b.). These four sites are
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located in the successional northern hardwood vegetation assemblages (Gallagher et al., 
2008a). The vegetation that exists in these sites include Betulla populifolia (grey birch), 
Populous deltoids (cottonwood) and P. tremuloides (quaking aspen) (Gallagher et al., 
2008a). Despite heavy metal-laden soils, forest regeneration has occurred, which makes 
LSP a unique urban brownfield.
A reference site was added to understand nutrient cycling in a setting without 
heavy metal contamination. Hutcheson Memorial Forest (HMF) is located in Franklin 
Township, NJ, was chosen to be the reference site because it had the same natural 
succession, 40 years, as LSP, but without the high concentrations of heavy metals. HMF 
is administered and protected by Rutgers University (Rutgers University). Historically, 
the specific site studied for this research at HMF was abandoned agricultural fields. The 
site was either plowed or pastured, but this site in particular has not been disturbed for 40 
years to observe the natural succession.
1.22 Soil collection
On July 9, 2013, soils were collected from four sites within LSP, sites 48, 43, 14 
and 14/16. Within each site, five soil cores were collected, at a depth of 0.5-4” and each 
pin was 4m apart along a transect. Soil cores will be referred to as pins. On September 
17, 2013, soil was collected from 5 five pins 5m apart at a depth of 0.5-4” at HMF, which 
is the reference site. The soils were sieved separately through a 2 mm sieve, and then 
stored in a refrigerator at 4°C. Equal weights of soil (5g) from each pin from the same 
site were combined, and were used as a representation of each site.
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1.23 Enzyme assay
Three hydrolytic enzymes activities were measured using fluorometric assays 
following modified protocols from Marx et al. (2001) and Morrissey (2014) with reagents 
obtained from Sigma-Aldrich Co. Ltd. (Table 1). Enzyme activities were measured for 
the combined samples from each site. The assay was done in triplicate (three different 
wells) in each 96-well black plate and the entire assay was repeated at least three times 
for each soil sample. Wet soil (0.1 g for phosphatase assay and 0.5 g for 
cellobiohydrolase and L-leucine-amino-peptidase assays) was suspended into 100 mL 0.1 
M MES buffer, pH = 6.0 and the solution was homogenized using a sonicator at a low 
output of about 25 W for 3 min. The resulting slurries were stirred continuously as 
samples (160 pL) were added to eight wells in a 96-well black plate. To generate a 
standard curve for the fluorescent products, 4-methylumbelliferone (MUB) (phosphatase 
and cellobiohydrolase assays) or 4-methylcoumarin (MUC) (L-leucine-amino-peptidase 
assay), 160 uL of soil slurry, and 40 pL of solution of fluorescent product (MUB) were 
combined to target 0, 500, 1000, 1500, and 2500 pmols of product in each well for 
phosphatase, and 0, 50, 100, 250, 500 pmols for cellobiohydrolase. For L-leucine-amino- 
peptidase assay, 40 pL of product (MUC) were combined with 160 pL of soil slurry to 
target 0, 800, 1200, 1800, 2400 pmols.
Three replicate wells containing soil slurry and substrate analog were also 
prepared for each soil sample to determine the rate of the reaction. The fluorescent 
substrate analogs used were 4-MUB-phosphate (Sigma-Aldrich #M8883, 350 uM in 
well) for the phosphatase assay, MUB-p-D-cellobioside (Sigma-Aldrich #M6018, 650 
uM in well) for the cellobiohydrolase assay, and L-leucine-7-amido-methylcoumarin
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(Sigma-Aldrich #L2145, 400 uM in well) for the L-leucine-amino-peptidase assays. A 
fluorescent plate reader (Molecular Devices M3) was used at 30 °C to measure the 
fluorescence intensity (320 nm ex./450 nm em., for the phosphatase and 
cellobiohydrolase assays, and 350 nm ex./440 nm em. for the L-leucine-amino-peptidase 
assay). Time points were collected every 15 minutes over 6 h for the cellobiohydrolase 
assay, every 20 minutes over 6 h for the phosphatase assay and every 15 minutes over 3 h 
for the L-leucine-amino-peptidase assay. The emission intensities from the wells 
containing soil slurry mixed with different amounts of fluorescent product were used to 
generate a standard curve (fluorescence emission intensity versus concentration) at each 
different time point. These standard curves were used to determine the amount of product 
in the wells containing substrate and soil slurry at each time point. The time dependence 
of the amount of product generated was analyzed to determine the enzymatic activity the 
amount of product generated in one hour by one gram of oven-dry soil in units of 
pmols/g (oven-dry w e i g h t /h. All enzyme activity measurements were calculated on the basis of 
gravimetrically determined oven-dry weights (as described in Methods 1.24).
1.24 Percent Moisture
The percent moisture of the soil was determined in addition to measuring the dry 
weight of the soils for the calculation of enzyme activities. The soil (~3g) was placed in 
a weighed crucible. Then the soil and crucible were weighed. Crucibles were placed in 
an oven (70 ° C) for 24 hours. After soils were dry, the weights were recorded.
Percent moisture = (weight of moist soil - weight of dry soil)/weight of moist soil x 100%
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1.25 Heavy Metal Determinations (EPA method 3050B)
The heavy metal concentrations were determined based on EPA method 3050B 
(EPA 1995). A summary of the method starts with 10 mL of 50% HNO3 added to oven 
dry soil (lg) and the solution was heated to 90° C. After 15 min, the solution cooled then 
5 mL of concentrated HNO3 was added. The solution was heated again to 90 0 C for 30 
min, and if brown fumes were formed then an additional 5 mL of concentrated HNO3 
were added. The solution was reduced to 5 mL without boiling. After, 2 mL of water, 
and 3 mL of LLCE were added to the solution. The solution was heated and H2O2 was 
added until bubbling stopped, but not exceeding 10 mL of H2O2. The solution was 
reduced to 5 mL, then after cooling the solution was diluted to 50 mL.
1.26 Addition of Purchased Enzyme (Soil as an Inhibitor)
The following procedure is the same as described in Method 1.23 with the 
following modifications. Instead of three hydrolytic enzymes, only two were studied: 
alkaline phosphatase and cellobiohydrolase. Instead of fresh soils, lg of soil (LSP 14/16) 
was autoclaved (30 min at 121°C, 15 psi) to inactivate the enzymes in the soil (Hagmann 
et al. in revision). After the soil was autoclaved, the soil slurry was prepared as described 
in Method 1.23. Briefly, the autoclaved soil was suspended into 100 mL 0.1 M MES 
buffer, pH = 6.0 and the solution was homogenized using a sonicator at a low output of 
about 25 W for 3 min. The soil slurry stirred continuously while a smaller amount of soil 
slurry compared to Method 1.23 (150pL) was pipetted into 33 wells of a 96 well black 
plate. Only MES buffer was added to the remaining 33 wells to compare metal laden 
soils added to purchased enzyme to only the purchased enzyme activity. To generate a
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standard curve for the fluorescent products, 4-methylumbelliferone (MUB) (phosphatase 
and cellobiohydrolase assays), 150 uL of soil slurry, and 40 pL of solution of fluorescent 
product (MUB) were combined to target 0, 500, 1000, 1500, and 2500 pmols of product 
in each well for phosphatase, and 0, 50, 100, 250, 500 pmols for cellobiohydrolase.
Since the enzymes in the soil were inactivated by autoclaving, purchased alkaline 
phosphatase (10 pL, lx l0‘3 units/pL) was added to all 96-wells of the 96-well black plate. 
Alkaline phosphatase was prepared from a 0.1 pL/units stock by adding 1 mM MgCL 
(1.1 mL) to bottle to obtain 100 units/mL, which is equivalent to 0.1 units/pL. The 
remaining procedure is the same, except the experiment ran for 30 minutes and the 
fluorescence readings were taken every 1.5 minutes with shaking before each reading.
1.26 Addition of Metals (Soil as an Inhibitor)
The following procedure is the same as described in Method 1.23 with the 
following modifications. Instead of three hydrolytic enzymes, only one was studied: 
alkaline phosphatase. The soil slurry was prepared as described in Method 1.23. Briefly, 
wet soil (0.1g, LSP 48) was suspended into 100 mL 0.1 M MES buffer, pH = 6.0 and the 
solution was homogenized using a sonicator at a low output of about 25 W for 3 min.
The soil slurry stirred continuously while a smaller amount of soil slurry compared to 
Method 1.23 (140pL) was pipetted into 33 wells of a 96 well black plate, while 160 pL 
was added to the remaining 33 wells to compare the addition of metals to the enzyme 
activity of the soil slurry (LSP 48). Standard stock solutions of V, Cr, Cu, Zn, As, Pb 
were prepared from ICP-MS 1000 mg/kg standard solutions. After solutions were 
prepared, 20 pL of each metal (V, Cr, Cu, Zn, As, Pb) was added to each well giving the
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following metal concentrations in individual wells: V (0.0075, 0.03, 0.012 ppm), Cr 
(0.005, 0.019, 0.077 ppm), Cu (0.005, 0.018, 0.073 ppm), Zn (0.008, 0.033, 0.133 ppm), 
As (0.002, 0.008, 0.031 ppm), and Pb (0.039, 0.158, 0.630 ppm). The highest metal 
concentration was equal to the concentrations of 14/16 (see Table 2). Only three metals 
(low, medium, high) concentration were analyzed on one 96-well plate. Once the metals 
were added, 40 pL of MUB of varying concentrations as described in section 1.23 for the 
phosphatase assay.
Since the enzymes in the soil were inactivated by autoclaving, purchased alkaline 
phosphatase (10 pL, lx l0 '3 units/pL) was added to all 96-wells of the 96-well black plate. 
Alkaline phosphatase was prepared from a 0.1 pL/units stock by adding 1 mM MgCL 
(1.1 mL) to bottle to obtain 100 units/mL, which is equivalent to 0.1 units/pL. The 
remaining procedure is the same, except the experiment ran for 30 minutes and the 
fluorescence readings were taken every 1.5 minutes with shaking before each reading.
1.3 Results
The goal of this portion of research was to explore the relationship between heavy 
metals and nutrient cycling. To measure the effect of heavy metal contaminated soils on 
nutrient cycling, the extracellular enzyme activities were determined at four sites at LSP 
(48, 43, 14 and 14/16) from low to high metal concentrations. In addition to the sites at 
LSP, the enzyme activity was also determined at HMF, which has the same successional 
period, but very low concentrations of heavy metals. Based on (Kuperman et al. 2000), 
as well as several other experiments, with increasing heavy metal concentrations, the 
extracellular enzyme activity should decrease (Hinojosa et al. 2004; Kuperman et al.
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1997; Friedlova et al. 2010; Haider and Schaffer, 2009). However as seen in Fig. 2, the 
enzyme activity was well above the standard deviation at LSP 14/16 compared to the 
other sites at LSP (48, 43, and 14) for all three extracellular enzyme activities, L-leucine- 
amino-peptidase, cellobiohydrolase, and phosphatase.
To explain the high extracellular enzyme activities at 14/16 at the highest heavy 
metal contaminated site, the heavy metal concentrations (V, Cr, Cu, Zn, As, and Pb) 
determined. The metal concentrations were determined by acid digesting the soil and 
measuring the concentrations using an ICP-MS (EPA-method 3050B). The soils were 
measured for four sites at LSP (48, 43, 14, and 14/16) and HMF. As seen in Fig. 3, the 
all the metals increase from HMF to LSP 48, 43, 14 and 14/16. The actual concentrations 
are in found Table 2.
The correlations between heavy metal concentrations and all three extracellular 
enzyme activities were determined for Pearson correlation. Pearson correlation is a linear 
relationship of the two variables, with a p value indicating how significant the 
relationship was. There were several metals that had correlations (Pearson, r) with all 
three extracellular enzyme activities (Table 3). Yet, two in particular were strongly 
correlated, V and Cr. For example, the phosphatase activity and V had a correlation of 
r=0.9865 (<0.01), while Cr was r=0.9780 (<0.01).
To explain whether the heavy metals in the soils were activating or inhibiting the 
extracellular enzymes, two control experiments were performed: 1) Addition of 
purchased enzyme, and 2) Addition of individual metals. The first control experiment 
was purchased enzyme (phosphatase) was added to metal laden soils (LSP 14/16) to
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determine if the metals in the soil will inhibit or activate a purchased enzyme. If the 
metals within the soils inhibit the enzyme, then there will be a decrease in enzyme 
activity (Hinojosa et al. 2004). If the metals activate the enzyme, then there will be an 
increase in enzyme activity.
Before determining if the metals inhibit or activate the enzymes, the enzymes 
within the soil had to be inactivated first. To inactivate the enzymes in the soil, the soil 
was autoclaved and heated. It was determined to autoclave the soil because it gave a 
100% reduction of enzyme activity, while heating the soil at 85°C for 48 hours only 
reduced the enzyme activity by 93.6%. Also, to confirm if autoclaving inactivated the 
soil, different weights were autoclaved and the phosphatase was determined. The 
phosphatase activity did not have any significant change in activity with greater amounts 
of soil (O.lg, 0.5g) as seen in Fig. 4. The purchased phosphatase was added to only MES 
buffer and the activity was compared to purchased phosphatase added to autoclaved soil 
(LSP 14/16). As seen in Fig. 5, the phosphatase activity was not different, because the 
values were within standard deviation of each other, therefore the metals in the soil did 
not inhibit or activate the purchased enzyme.
The second control experiment was the addition of heavy metals to the soil to 
determine if the metals added to the soil inhibited or activated the phosphatase activity. 
Similar to the other control experiment, if the individual metal reduced the enzyme 
activity, then that metal inhibited the enzyme. The metals were added to the lowest metal 
contaminated site at LSP, 48, where the highest concentrations added were equal to the 
metals at LSP 14/16, highest metal contaminated site at LSP. The metal concentrations 
were added at low, medium and high concentrations. In Fig. 6, where no metals were
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added it is just the phosphatase activity of LSP 48. It was found that none of the metals 
added at any concentrations neither increased nor decreased the phosphatase activity.
1.4 Discussion
The goal of this study was to study the relationship between enzyme activities and 
heavy metals. The phosphatase, cellobiohydrolase and L-leucine-amino-peptidase 
activities were determined along a linear transect of increasing heavy metal 
concentrations of soils at LSP as well as a reference site from HMF. The data shows that 
all three extracellular enzyme activities are highest at LSP 14/16, which has the highest 
metal concentrations (Fig. 2). It was suspected that the heavy metals in the soils could 
activate the enzyme activities, which would explain for the increase in enzyme activities. 
Therefore, two control experiments were conducted. However both experiments 
indicated that the heavy metals (in the soil or added to the soil) did not activate nor 
inhibit the enzyme activities as seen in Fig. 4 and Fig. 5.
The heavy metal concentrations were determined at each site to explore if heavy 
metals had a relationship with enzyme activity. The metal concentrations of six metals 
(V, Cr, Cu, Zn, As, and Pb), which were analyzed using an ICP-MS, are seen in Table 2. 
Table 3 shows the Pearson correlations with the six metals as well as percent moisture 
with the three extracellular enzymes. There were positive linear correlations with all the 
metals, except for Cu. V and Cr had the strongest Pearson correlation with all three 
enzyme activités, for example there was a Pearson correlation of r=0.9865 (<0.01 ) 
between V and phosphatase activity (Table 3).
The metal concentrations at LSP 14/16 were above ambient metal concentrations 
in NJ (Gallagher et al. 2008a; Saunders 2002). Two metals in specific, Pb and As, had
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concentrations that were above NDJEP Soil Cleanup Criteria (SCC, Gallagher et al. 
2008b). The concentrations for As and Pb were 32 ppm and 415 ppm respectively, while 
NJDEP SCC were 20 and 400 ppm. Overall, the metal concentrations found at LSP are 
light in comparison to other experiments. For example, a laboratory experiments where 
metals were added to the soil, like Kandeler et al. 2000, the concentrations were Zn (300 
ppm), Cu (50 ppm), and Cd (3 ppm).
According to Giller et al. (1998), it is difficult to compare addition of metal in 
laboratories compared to metals in the field (Alloway et al. 2013; Friedlova et al 2010; 
Hinojosa et a. 2004). Compared to several field experiments, LSP has low to moderate 
heavy metal concentrations (Hinojosa et al. 2004; Kuperman et al. 1997; Friedlova et al. 
2010). One field experiment studied the heavy metal concentrations from the 
combination of parent material industrial activity in the Czech Republic (Friedlova et al. 
2010). The metal concentrations ranged from low to high concentration based on the 
distance to the contaminant. The low concentrations were similar to the highest 
contaminated site (LSP 14/16), which were Cu (15.2 ppm), Zn (362 ppm), and Pb (341 
ppm), while there high contaminated site had concentrations of Cu (101 ppm), Zn (3,558 
ppm), and Pb (4,490 ppm) (Friedlova et al. 2010). It is not surprising that the enzyme 
activity decreased from low to high metal concentration at this site (Friedlova et al. 2010). 
Enzyme activities also decreased at other sites that higher concentrations compared to 
LSP, but lower than those found at the Czech Republic site (Hinojosa et al. 2004; 
Kuperman et al. 1997). The high extracellular activities of the enzymes is opposite than 
what was seen at other field sites (Hagmann et al. in revision).
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1.5 Conclusion:
Heavy metals in sufficient concentrations are toxic to organisms and enzyme 
activities. The metal concentrations (V, Cr, Cu, Zn, As, and Pb) were measured for soils 
at LSP and HMF, which results show that metals increased from low to high 
concentrations: HMF, LSP sites 48, 43, 14, and 14/16. To determine if the heavy metals 
reduce enzyme activities with increasing metal concentrations, enzyme activities were 
determined for each site (HMF and sites from LSP). The results showed that the enzyme 
activities were highest for all three extracellular enzymes at the highest heavy metal 
concentration site (LSP site 14/16). This is interesting because heavy metals can inhibit 
enzymes and they can also activate enzymes. To determine whether the enzymes were 
activated or inhibited, two control experiments were carried out. One of the control 
experiments used autoclaved (sterile) soil, which contained heavy metals but lacked 
active extracellular enzymes with added purchased enzyme. It was determined that the 
soil did not inhibit nor activate the purchased enzyme. The other control experiment used 
soil from LSP that had the lowest heavy metal concentrations (LSP site 48) with various 
concentrations of heavy metals added. Results showed that the heavy metals, even at the 
highest concentration studied (equal to LSP site 14/16), had enzyme activities that did not 
change. The second control experiment confirmed that the heavy metals did not activate 
nor inhibit the extracellular enzymes. Therefore, another explanation is needed for why 
the enzyme activities were the highest at the highest heavy metal site, because more 
complex interactions may be occurring in these soils.
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Ch 2: Variation Within a Site, and Variation Over Time
2.1 Introduction
Soils are heterogeneous substances; therefore the pH, organic matter can vary 
within a soil (Brady and Weil, 2008). Different variables can influence other soil 
properties, such as heavy metal concentrations and extracellular enzyme activities. The 
heavy metal concentrations vary at LSP, because the fill was added to LSP at various 
times, and has led to an uneven distribution of heavy metals (Gallagher et al. 2008a).
The metal concentrations across our study site of HMF have not been previously studied, 
so the variation of heavy metal concentrations is not known.
Soil moisture, organic matter content, pH and nutrient availability are proximal 
factors that influence microbial communities and the extracellular enzyme activities 
(Brockett et al. 2012). It has been found that extracellular activities can vary at spatial 
and temporal scales (Wallenius et al. 2011). One of these factors influencing enzyme 
activity is pH, which will not be further discussed in this portion of research (Wallenstein 
et al. 2008; Haider and Schaffer, 2009). Another factor that influences extracellular 
enzyme activity is soil moisture (Hinojosa et al. 2004; Brockett et al. 2012). The 
extracellular enzyme activities were found to differ at different ecosystems; especially 
those in dry compared to moist climate (Brockett et al. 2012).
As stated in Ch.l, heavy metals can reduce the enzyme activities (Kandeler et al. 
2000; Hagmann et al. in revision). However, according to results in Ch.l, the heavy 
metals did not reduce enzyme activities, but the highest enzyme activities of three 
hydrolytic enzymes (phosphatase, cellobiohydrolase, and L-leucine-amino-peptidase)
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were found at the highest metal concentration site (LSP 14/16). To determine if these 
metal concentrations change over time, the heavy metal concentrations, which were 
recently determined were compared to those determined by Dr. Gallagher from 2005.
In addition to the variability of metal and extracellular enzyme activity, the other 
goal was to explore other properties of the soil to explain the high extracellular enzyme 
activity at the highest metal site (LSP 14/16). According to several studies, extracellular 
enzyme activity varies with nutrient availability (Brockett et al. 2012; Burns et al. 2013). 
To investigate the nutrient availability, data from Dr. Gallagher in 2005 for sites at LSP 
(48, 43, 14, and 14/16), including percent total organic carbon (TOC%), percent total 
organic nitrogen (TSN%), particle size distribution, and phosphorus concentrations, were 
compared to extracellular enzyme activities (Gallagher et al. 2008a; unpublished data).
2.2 Methods
2.21 Soil Collection
Soils were collected from LSP from five pins at four different sites (site 48, 43, 14, 
and 14/16) on July 9, 2013. Each pin was collected at 1-2” in depth, where each pin was 
4m apart along a single transect at all the sites in LSP. On September 17, 2013 soil was 
collected from five pins, at the same depth, at HMF. At HMF, the pins were collected 5 
m apart along a single transect. The soils from all the sites were sieved through a 2 mm 
sieve, and then stored in a refrigerator at 20°C. The pins were not combined.
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2.22. Extracellular Enzyme Assay
One enzyme activity, alkaline phosphatase, was measured for the individual 
samples, pins, from each site. See section L23for procedure.
2.23 Percent Moisture
The percent moisture was measured for the individual samples, pins, from each 
site. See section 1.24 for procedure.
2.24 Heavy Metal Determinations (EPA method 3050B)
The heavy metal concentrations were measured for the individual samples, pins, 
from each site. See section 1.25 for procedure.
2.3 Results
The goal of this portion of research was to investigate the variation of 
extracellular enzyme activity and heavy metal concentrations (V, Cr, Cu, Zn, As, and Pb) 
at the reference site, HMF, and the metal laden soils at LSP sites 48, 43, 14, and 14/16. 
The concentrations of the heavy metals (V, Cr, Cu, Zn, As, and Pb) were determined for 
each pin at each of the LSP sites (sites 48, 43, 14, and 14/16) as well as the reference soil 
(HMF). There were a total of 25 pins, with 5 pins at each site. The soils were acid 
digested based on the EPA method 3050B (EPA 1995), and three replicates of each pin 
were than analyzed using the ICP-MS. The three replicates were three different soil 
samples that were digested and analyzed separately. Fig. 7-11 show the variation of 
heavy metal concentrations (V, Cr, Cu, Zn, As, and Pb). Pb had the most variation at the 
high metal concentration sites (Fig. 10, 11). Both HMF and LSP 43 have small variation 
of heavy metal concentrations (Fig. 7 and 8 respectively). The values in bold are the
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percent standard deviations (28.78%, 51.34%) at site 14 for V and Cr respectively (Table 
6). The high standard deviations indicate the high variability of the phosphatase or heavy 
metal concentration within a site.
There was a similar trend in phosphatase activities where the two high metal 
contaminated sites (LSP 14 and 14/16) had the most variation (Fig. 17 and 18). To 
examine if there was a correlation between heavy metals and enzyme activities, Pearson 
correlations were determined for the phosphatase activities and heavy metal 
concentrations of the pins. The Pearson correlation was r=0.9865 (<0.01) for V and 
r=0.9780 (<0.01) for Cr and phosphatase activities at HMF. This relationship between 
phosphatase and V as well as Cr was strong within each site as seen at HMF, but not as 
strongly correlated across all the sites, using all 25 pins, r=0.8457 (<0.01) and 0.8191 
(<0.01) respectively.
In theory, the average enzyme activities of the pins should be equal to the enzyme 
activities of the overall site, because the five pins are combined to make the overall site. 
The same is true for the total heavy metal concentrations. This can be seen in Fig. 12 for 
the phosphatase activities where the average of the five pins can be seen in Table 4. The 
phosphatase activities for the overall soil (as seen in Ch. 1) was 538,819 for HMF, 
355,551 for LSP 48, 423,000 for LSP 43, 329,218, for LSP 14, and 1,736,943 pmol/gdry. 
*hr for LSP 14/16. As seen in Fig. 12, the activities of the average of the pins do not 
have values that are above or below the standard deviation of the overall soil. Table 4 
shows the average of the five pins for V and Cr concentrations. Table 7 shows the 
average of the five pins for Cu, Zn, As, and Pb, while Table 2 shows the overall site 
concentrations.
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In addition to the heavy metals, other factors within the soil could also have the 
same trend as the extracellular enzyme activities. Several nutrients including P, percent 
total soil nitrogen (TSN%), percent total organic carbon (TOC%) and physical 
component of the soil, particle size distribution (%gravel, sand, silt and clay) were 
correlated with extracellular enzyme activities (Table 4). There were strong correlations 
between phosphatase activity of the overall soil (values from Ch. 1) and coarse sand, 
TOC%, and TSN%, (r=0.97 P = <0.05, r=0.82 P = >0.1, and t-0.68 P = >0.1 
respectively). Finally, the heavy metal concentrations recently determined were 
compared to those determined by Dr. Gallagher in 2005 (Gallagher et al. 2008a). Fig. 13 
shows the change in metal concentrations from 2005 to 2012. The metal concentrations 
of all six metals (V, Cr, Cu, Zn, As, and Pb) decreased in all sites at LSP from 2005 to 
2012.
2.4 Discussion
The goal was to determine the within site variations of the heavy metal 
concentrations and phosphatase activities. To determine this variation, the individual 
pins of heavy metal contaminated soils from LSP as well as the control soils from HMF 
were analyzed for metals and phosphatase activities. The pins are soil samples collected 
along a transect and are 4m apart, and 5m apart at HMF. There was more variation 
within the sites of higher metal concentrations (LSP sites 14 and 14/16). There was a 
strong correlation between V and Cr with the extracellular enzyme activities, similar to 
those seen in Ch.l. The relationship between V, Cr and phosphatase activity of the 
overall site was stronger than the individual pins across the stes. One possibility that 
could cause the variation is if there was a difference between the individual pins and the
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combined pins. This possibility is unlikely because as discussed in the result section, the 
percent difference of the two values were very small for both phosphatase activities 
(HMF 14%, LSP 48 1%, LSP 43 22%, LSP 14 6%, and LSP 14/16 16%) and heavy metal 
concentrations. The heavy metal concentrations had percent differences <30%. As seen 
in Fig 12, the average of the individual pins were lower than the overall site for the 
phosphatase activities but the values were within standard deviation of each other.
Another explanation for the differences between the strong correlation of V and 
Cr to phosphatase activities for individual sites compared all 25 pins (five pins from 
HMF, LSP 48, 43, 14, and 14/16) could be the variation of particle size distribution. The 
particle size distribution was not determined for the individual pins at each site. Both 
HMF and LSP are interesting case studies because both the soils were influence by 
anthropogenic activities (Hagmann et al. in revision’, Gallagher et al. 2008a; Surabian, 
2012). Anthropogenic activities can influence soil properties and microbial communities 
(Wallenius et al. 2011). Anthropogenic activies such as agriculture can change soil 
porosity and aggregation (Wallenius et al. 2011). HMF was an abandoned agricultural 
field, but both HMF and LSP have undergone natural succession for 40 years. As seen 
with both the heavy metal concentrations and phosphatase activities, the values do not 
significantly vary (Fig. 7 and Fig. 14). However, for LSP, especially at LSP 14/16 the 
values do significantly vary for Pb and phosphatase activities (Fig.l 1 and Fig. 18).
As indicated by Gallagher et al. (2011), the metal concentrations are decreasing 
across the site (Hagmann et al. in revision). This decrease was also seen in Fig. 13. This 
decrease in metals over a decade indicates that the metals are either taken up by plants or 
transported by birds to another location within the park.
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2.5 Conclusion:
The phosphatase activities were analyzed for the individual pins of heavy metal 
contaminated soils at LSP as well as the reference site (HMF). The average of the 
individual pins was similar to the overall site for HMF and each site at LSP, except the 
values were lower for both the phosphatase activities and heavy metal concentrations, but 
not below standard deviation. A possible explanation for the average of the individual 
pins having both lower heavy metal concentrations and phosphatase activities is the time 
since the soils were collected and doing the phosphatase assay. The only main exception 
was the V, Cr, and Pb concentrations were higher at LSP site 14/16 between the overall 
site and the average of the individual pins. The interesting observation was there was 
more variation within the higher heavy metal concentration LSP site 14/16 (Fig. 11 and 
Fig. 18). There was a reasonable relationship between Cr, V and phosphatase activities, 
but not as high as those seen in chapter 1 between the same metals of the overall site and 
the phosphatase activities. However, the overall correlation of the individual pins, all 25 
pins, between phosphatase and V as well as Cr is strong. There were several strong 
correlations between phosphatase activity and TOC% as well phosphatase activity and 
coarse sand. The organic matter content and particle size distribution could give insight 
into the high extracellular enzyme activity at the highest metal site.
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Ch 3: Relationship between Particle Size, Enzyme Activities, and Heavy Metals
3.1 Introduction
Soils are heterogeneous mixtures comprised of inorganic minerals, organic 
compounds, and organisms (Brady and Weil, 2008). Various factors within soil can 
influence microbial activity, in specific extracellular enzyme activity. Inorganic minerals 
can influence the microbial communities and enzyme activity (Stemmer et al. 1998). The 
minerals and organic matter can form aggregates of different sizes, which influences a 
range of soil properties and as stated previously by Brady and Weil (2008), creates a 
habitat for soil biota (Tisdall and Oades 1982; Oades and Waters 1991; Stemmer et al. 
1998). The inorganic minerals that exist in soils vary with size as classified as sand, silt, 
and clay (Tisdall and Oades 1982).
Particle size distribution is an important characteristic of soils, and is used to 
calculate the surface area. “Microorganisms tend to grow on and colonize particle 
surfaces For this and other reasons, microbial reactions in soils are greatly affected by the 
specific surface area” (Brady and Weil, 2008). The particle size distribution can be 
determined by laser diffratometry (Sperazza et al. 2004). Laser diffratometry for 
Malvern Mastersizer 2000 has a precsion of ~1% uncertainty (Sperazza et al. 2004).
Several experiments have determined the microhabitats of soil microorganisms 
and enzyme activities”(Kandeler et al. 2000; Burns 1986; Foster 1988; Boyd and 
Mortland 1990; Robert and Chenu 1992; Nannipieri et al. 1996; Ruggiero et al. 1996; 
Stotzky 1986). There are limited studies that determine the microhabitats of heavy 
metals and enzyme activities (Kuperman et al. 2000; Ranjard et al. 2000). To study the
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microhabitats, the soils were separated into different size fractions classified as sand, silt, 
and clay (Gee et al. 2002). The different fractions are based on the size of the minerals 
and are classified from the U.S. Department of Agriculture (USDA), where sand is 50- 
2000 pm, silt is 2-50 pm, and clay is <2 pm (Gee e al. 2002). The sand would be 
separated into two fractions, coarse sand (250-2000 pm) and fine sand (50-250 pm) 
(Stemmer et al. 1998, Kandeler et al. 2000). This was based on Stemmer et. al 1998 that 
allows the complete recovery of organic carbon, microbial biomass and enzyme activity 
(Kandeler et. al 2000). The extracellular enzyme activities were determined for each size 
fraction (coarse sand, fine sand, silt and clay).
The goal of this portion of research was to investigate the microenvironment of 
soils to explain the high enzyme activity at the highest metal site as discussed in Ch. 1.
As stated in the previous study the surface area may explain the enzyme activities, but the 
soils from LSP contain a variety of heavy metals. The heavy metal concentrations were 
determined for each size fraction (coarse sand, fine sand, silt and clay). In Ch. 1 and 2, 
the metal concentrations determined were the pseudo-total metal concentrations (Alloway 
et al. 2013). The pseudo-total metal concentrations are an “estimate of the maximum 
amounts of metals that could be hypothetically be mobilized and transported in the 
environment and affect a receptor” (Alloway et al. 2013). The pseudo-total metal 
concentrations does not give insight into the metals that are most mobile and readily to be 
taken up by plants (Giller et al. 2009; Alloway et al. 2013). This chapter will instead 
investigate the exchangeable metals rather than the pseudo-total metals.
Metals can be found in various forms within the soil. These forms are metals that 
have different solubility and mobility (Alloway et al. 2013). Metal speciation includes
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metals in the forms of most mobile to least mobile, which include exchangeable fraction, 
reducible fraction, oxidizable fraction, and residual fraction (Alloway et al. 2013; Hass et 
al. 2000). The most mobile metals are defined as bioavailable because these metals can 
be taken up by plants or interact with soil microorganisms (Reeder et al. 2006). There are 
a variety of methods to extract the mobile metals (Reeder et al. 2006; Alloway et al.
2013; Hass et al. 2010). The metals chosen to extract were the exchangeable metals, 
which are the metals loosely bound to the soil, were determined by changing the ionic 
composition of the soil (Hass et al. 2010; Alloway et al. 2013). In addition to 
extracellular enzyme activity and exchangeable metals, the pH and organic matter content 
of the soil will also be determined. It has been shown that the pH and organic matter 
correlates with heavy metals (Kuperman et al., 1997; Giller et al. 2009).
3.2 Methods
3.21 Soil Collection
There were only three sites chosen to study the relationship between heavy metals 
and particle size and enzyme activity. Soil was collected at three sites: low (HMF), 
medium (LSP 43) and high (LSP 14/16). LSP 43 was chosen because it had lower 
concentrations compared to LSP 14/16, and higher concentrations compared to HMF.
LSP 43 also had similar vegetation compared to LSP 14/16.
On October 3, 2014, fifteen soil cores were collected at HMF. The soils were 
collected using a soil core, where only the top 1-5 cm was collected. There were three 
transects at each site that were 10 m apart. The transects will be referred to as A, B, and 
C, where B is the middle transect and A is to the left of B, and C is to the right of B. Five
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cores, were 5m apart, were collected along one transect at HMF, while the cores were 4m 
apart at LSP 43 and 14/16. On October 13, 2014, fifteen soil cores were collected at site 
43 and site 14/16 in Liberty State Park (LSP) in Jersey City, NJ, for a total of 30 samples 
at LSP. Once the soils were returned to the lab, they were sieved through a 2mm sieve. 
They were stored in a refrigerator at 4°C. Another bag was labeled (example LSP 43A), 
which was the site and the combination of the same weight (20g) of the five cores.
3.22 Particle-Size Fractions
The size fractions (coarse sand, fine sand, silt, and clay) were separated based on 
Stemmer et al. 1998. In brief, the size fractions were separated wet sieving and 
centrifuging. The first size fraction was separated by wet sieving soil (~20g) with DI 
water through a 425 pm sieve, and the coarse sand was collected on top of the sieve. The 
soil slurry (DI water + soil) was collected, and then poured through a 75 pm sieve. The 
fine sand was collected on top of the sieve. The remaining soil slurry was centrifuged at 
low speed (150g, 2 min.). The pellet formed was the silt fraction. The supernatant was 
centrifuged at higher speeds (3900g, 30 min.).
3.23 Phosphatase assay
One enzyme activity, alkaline phosphatase, was measured for the unfractionated samples, 
and each particle size fraction (coarse sand, fine sand, silt, and clay). See section 1.23 for 
procedure.
3.24 Exchangeable Metals
The exchangeable metals were extracted based on Hass et al. 2000, using 0.1M 
MgNO. .^ The soils (<2mm) from each site, HMF LSP 43 and 14/16, were extracted as
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well as each size fraction. Magnesium nitrate solution, 0.1 M, (Mg(N03)3, pH=6, 10 mL) 
was added to ~lg of dry soil a 50 mL falcon tube. The tubes were placed on a shaker 
horizontally for 2 hours. Then, the tubes were placed in the centrifuge for 30 min at 2500 
rpm. The supernatants were decanted through a Whatman 42 filter paper into a 15 mL 
falcon tube. The soil samples were diluted 1:10 and the concentrations were determined 
using an ICP-MS.
3.25 Organic Matter Content (LOI)
The organic matter content was based on the procedure stated in Gallagher et al. 
2008a with modifications. The organic matter content was determined for the 
unfractionated soil (<2mm) and each size fraction (coarse sand, fine sand, silt, and clay) 
for each site (HMF, LSP 43, and LSP 14/16). The soils were dried in an oven at 80°C for 
24 hrs. Once dried, the soils were placed in a muffle furnace at 550°C for 4 hrs.
3.26 pH
The procedure to determine the pH of only the soils (<2mm) for each site was 
based on EPA method 9045D (EPA 1997).
3.27 Particle Size Distribution
The particle size distribution was determined for the soils (<2mm) from each site 
(HMF, LSP 48 and 14/16) and each size fraction (coarse sand, fine sand, silt, clay).
Before analyzing the soils and different size fractions, the organic matter had to be 
removed. Based on Gee et al. 2002, hydrogen peroxide (H2O2) was added to soils until 
effervescence stopped or was minimal (Day 1965). Once the organic matter was
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removed, the samples were analyzed using the Malvern Instruments, Mastersizer 2000 
with a Hydro 2000 MU wet sample dispersion unit. The MSU standard operating 
protocol for “Sediments” was employed, which uses the refractive index of quartz, and an 
absorption coefficient of 0.9. The Mastersizer 2000 determined the particle size 
distribution and calculated the specific surface area.
3.3 Results
The goal of this portion of research was to examine the relationship between 
surface area, heavy metals and enzyme activities. Only three sites were chosen to have 
low, medium, and high metal concentrations, which was the reference site HMF, LSP 43, 
and LSP 14/16. LSP 43 was chosen as the medium heavy metal site because it had 
similar vegetation and percent moisture to 14/16. To study the microenvironments of the 
soils, the soils were fractionated into different particle sizes (coarse sand, fine sand, silt, 
and clay) based on Stemmer et al. (1998).
Once the soils were fractioned, the following experiments were performed on the 
soils (<2mm) and each fraction from each site: extracellular enzyme activity 
(phosphatase), exchangeable metals, and percent organic matter. The pH and percent 
moisture were determined for only the unfractionated soils (<2mm) from each site. As 
seen in Fig. 19, the phosphatase activity is the highest at the smallest particle size 
fractions (silt and clay), while the largest particle size (coarse sand) had the lowest 
phosphatase activity. The same was true for exchangeable metals, where the highest 
concentration was found in the smallest particle size (silt and clay), and lowest at the
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largest particle size (coarse sand), except for HMF (Fig. 20). There was a strong Pearson 
correlation at LSP 14/16 with V, and Cr (r=0.835 and r=0.701 respectively).
A Mastersizer 2000 was used to calculate the specific surface area based on the 
particle size distribution for each soil (<2mm) and each size fraction (coarse sand, fine 
sand, silt, and clay). The specific surface increased with decreasing particle size fraction 
(Fig. 21), a similar trend to both the exchangeable metals, and phosphatase activity where 
the highest concentration was found in the smallest particle size (silt and clay), and 
lowest at the largest particle size (coarse sand).
The organic matter content also had the same trend with specific surface area, 
exchangeable metals, and phosphatase activity, where the highest percent organic matter 
content was found in the smallest particle size (silt and clay), and lowest at the largest 
particle size (coarse sand) (Fig. 22).
Finally, the pH and percent moisture were determined for soils (<2mm) from each 
site: HMF, LSP 43, and LSP 14/16. The percent moisture increased going from 
increasing metal concentrations (Fig. 23), while the pH did not significantly vary (Fig. 
24). The percent moisture has the same trend of increasing from HMF to LSP 43 to LSP 
14/16 as phosphatase activity and exchangeable metals, where surface area had the 
opposite trend.
3.4 Discussion
The goal of this experiment was to determine the relationship between particle 
size, enzyme activity and heavy metals. Three sites were chosen that were the highest 
(LSP 14/16) and lowest (HMF). There were similar trends between phosphatase activity,
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specific surface area and heavy metals within each site. This portion of the research 
explores the microenvironments of the soils and can give insight into the effect of heavy 
metals on the enzyme activity (Kandeler et al. 2000; Stemmer et al. 1998). It was found 
that the highest enzyme activity and heavy metals were found in the smallest particle 
fraction, which is similar to the results found in several studies (Kandeler et al. 2000; 
Stemmer et al. 1998). There are several reasons that explain the heavy metals in this 
fraction. First clays have a negative surface that the metals can adsorb to (Reeder et al. 
2006; Brady and Weil, 2008). Second, there is the highest amount of organic matter in 
the small particle size, where heavy metals can bind to organic matter (Reeder et al. 
2006).
The high organic matter can also explain the high phosphatase activity at the 
smallest particle size (silt and clay) (Wallenius et al. 2011; Inglett et al. 2008). The 
moisture also could explain the phosphatase activity (Brockett et al. 2012). However, 
according to the Pearson correlations determined in Ch. 1 (Table 3), there was no 
correlation between moisture and phosphatase activity. The relationship between 
phosphatase activity and exchangeable metals as well as with surface area was strongly 
correlated within each site (LSP 43 and 14/16).
3.5 Conclusion
There was a relationship only within site between surface area and phosphatase 
activity. The overall trend in the soils, that HMF has the lowest percent moisture, percent 
organic matter, phosphatase activity, and exchangeable metals increased from LSP 43 to 
LSP 14/16. LSP 14/16 has the highest of the same variables. Two unexpected
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observations were the pH should have the same trend as the organic matter, but it does 
not seem to vary by much. In addition only the unfractionated soils were studied for the 
pH. There was a strong relationship between V, Cr and phosphatase activity, it seems to 
have a reasonable relationship even within the size fractions of the soil.
Overall Summary
Overall, the soils at LSP give insight into the regeneration of forest growth (Hagmann et 
al. in revision). The metal concentrations, though persistent, have decreased over time 
either through transportation by birds or taken up by plants (Gallagher et al. 2011). The 
phosphatase activities were the highest at the highest the metal contaminated soils at LSP 
(14/16). This is opposite trend of several studies, both field and lab experiments, that 
observed a decrease in enzyme activity with an increase in heavy metals (Kuperman et al. 
1997; Hinojosa et al 2004; Friedlova et al. 2010). A strong correlation was found 
between V and Cr with three extracellular enzyme activities. However, according to two 
control experiments, the metals within the soil (LSP 14/16) and individual metals added 
to the soil did not activate nor inhibit the soils. Therefore a more complex mechanism 
was occurring within the soils.
Several nutrients and properties of the soil were investigated from data collected 
by Dr. Gallagher. It was determined that there was a strong Pearson correlation between 
TSN%, TOC%, and coarse sand. This correlation implies that the availability of nutrients, 
excluding P, which was examined (r=0.452 P= >0.1), affects the enzyme activities. To 
explore this finding, the microenvironments of the soils were investigated. There seemed 
to be a strong correlation between coarse sand and enzyme activity, which means that the
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inorganic minerals can affect enzyme activity (Brady and Weil 2008; Kandeler et al.
2000; Stemmer et al. 1998). In addition to the inorganic minerals, the organic matter 
content was also determined as well as pH and exchangeable metals. According to 
Kuperman et al. (1997), the pH and organic matter can influence the metal concentrations. 
It was determined that the soils at both LSP and HMF were acidic (pH between 4-5), but 
this did not influence either metal concentration nor enzyme activity. The organic matter, 
specific surface area, and moisture had a strong correlation with phosphatase activity.
The percent moisture did not previously have a correlation of sites along an increasing 
metal transect, but could influence the enzyme activity within the microenvironment 
(Brockett et al. 2012). Heavy metals are toxic, but only in excess. If the metals at LSP 
are decreasing over time, then the health of the forest can improve.
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Figure 1. Map of Liberty State Park (LSP) (Gallagher et al. 2008b). Four sites were 
chosen: two low metal load (light shade) and two high metal load (dark shade). The four 
sites are located in the lower left hand corner of the map: 48, 43, 14, and 14/16 in 
increasing metal load.
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Figure 2. Enzyme activities (pmoPgdry'^hr1) (phosphatase, cellobiohydrolase, and L- 
leucine-amino-peptidase activities) of HMF (reference site) and LSP 43, 48, 14, and 
14/16, which are in increasing metal load. The highest of all three enzyme activities are 
found at LSP 14/16, which is the highest metal contaminated site. (Thanks to Carolyn 
Mathieu for contributing to this data).
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Figure 3. Heavy metal concentrations (|ag/gdry) (V, Cr, Cu, Zn, As, and Pb) of HMF 
(reference site) and LSP 43, 48, 14, and 14/16. Metals were determined by acid-digesting 
the soils following EPA method 3050B and analyzed using an ICP-MS X-series. The 
highest concentrations of all six metals are found at LSP 14/16.
53
>• ”T •-S 2  w •=
< a
w A« *
-5 "o /  £ o a
JS w  
&
200,000
160,000
120,000
80,000
40,000
0
MES buffer
Figure 4. Alkaline Phosphatase activity (pmol/units*hr) of different weights of 
autoclaved soil (LSP 14/16: O.lg and 0.5g) with the addition of purchased alkaline 
phosphatase 2x10‘4 units/jiL. Soil as an inhibitor, addition of purchased enzymes, where 
MES buffer is where no soil was added to the soil. The phosphatase activity doe not 
increase or decrease with increasing soil weights, therefore, the metals in the soil (LSP 
14/16) do not inhibit or activate the alkaline phosphatase.
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Figure 5. Alkaline Phosphatase Activities (pmol/units*hr) of MES buffer (with Mg2+ and 
Zn2+ ions) + phosphatase enzyme (1x103 units/pL) compared to MES buffer (with Mg2+ 
and Zn~+ ions) + autoclaved soil (lg, P5 cycle) + phosphatase enzyme (lxlO'3 units/pL). 
Soil as an inhibitor, addition of purchased enzymes, where MES buffer ion is where no 
soil was added to the soil. The phosphatase activity doe not increase or decrease in the 
presence of heavy metals in the soil, therefore the metals in the soil (LSP 14/16) do not 
inhibit or activate the alkaline phosphatase.
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Figure 6. Phosphatase Activities (pmol/gdry*hr) of addition of heavy metals (none, low, 
medium, high) concentrations for a variety of metals (V, Cr, Cu, Zn, As, Pb). The 
phosphatase activities doe not decrease or increase with increasing metal concentrations 
added to the soil, therefore, the addition of metals to concentrations equal to LSP 14/16 
added to the soil of LSP 48 do not inhibit or activate phosphatase activities.
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Figure 7. Heavy metal concentrations (pg/gdry) of the pins (1-5) of soils from HMF. 
There is no variation of heavy metal concentrations (V, Cr, Cu, Zn, As, and Pb) at HMF.
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Figure 8. Heavy metal concentrations (pg/gdry) of the pins (1-5) of soils from LSP 48. 
There is minimal variation of V, Cr, and As, but variation exists for Cu, Zn, and Pb at 
LSP 48.
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LSP 43 Variation-Heavy Metals
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Figure 9. Heavy metal concentrations (pg/gdry) of the pins (1-5) of soils from LSP 43. 
There is minimal variation of V, Cr, and Cu, but variation exists for Zn, As, and Pb at 
LSP 43.
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Figure 10. Heavy metal concentrations (pg/gdry) of the pins (1-5) of soils from LSP 14. 
There is minimal variation of V and Zn, but variation exists for Cr, Cu, As and Pb at LSP 
14.
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Figure 11. Heavy metal concentrations (pg/gdry) of the pins (1-5) of soils from LSP 14/16. 
There high variation of all six metals (V, Cr, Cu, Zn, As, and Zn) at LSP 14/16.
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Figure 12. Phosphatase Activities (pmol/gdry*hr) of the average of pins (1-5) and the 
overall site of HMF (reference site), LSP site 48, 43, 14, and 14/16. The standard 
deviation of the five pins indicates the variation of the site. The standard deviation of the 
overall site is of three assays performed.
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Figure 13. Heavy metal concentrations (pg/g) of six metals (V, Cr, Cu, Zn, As, and Pb) 
recently determined in 2012 compared to concentrations of the same metals determined 
by Dr. Gallagher in 2005 (Gallagher et al. 2008b).
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Figure 14. Phosphatase Activities (pmol/gdry*hr) of the pins (1-5) of soils from HMF, 
reference site. There is small variation of phosphatase activities at HMF.
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Figure 15. Phosphatase Activities (pmol/gdry*hr) of the pins (1-5) of soils from LSP 48,
low metal load site. There is variation of phosphatase activities at LSP 48.
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Figure 16. Phosphatase Activities (pmol/gdry*hr) of the pins (1-5) of soils from LSP 43,
low metal load site. There is small variation of phosphatase activities at LSP 43.
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Figure 17. Phosphatase Activities (pmol/gdry*hr) of the pins (1-5) of soils from LSP 14, 
high metal load site. There is high variation of phosphatase activities at LSP 14.
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Figure 18. Phosphatase Activities (pmol/gdry*hr) of the pins (1-5) of soils from LSP 
14/16, high metal load site. There is high variation of phosphatase activities at LSP 14/16.
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Figure 19. Phosphatase activity (pmol/gdry*hr) for soils from HMF, LSP 43, and LSP 
14/16. The activity was determined for the unfractionated soil (<2mm), and each fraction 
(coarse sand, fine sand, silt, and clay). The enzyme activities increases with decreasing 
particle size.
63
2Figure 20. Exchangeable heavy metal concentrations (pg/g) for soils from HMF, LSP 
sites 43 and 14/16. The heavy metals (V, Cr, Cu, Zn, As, and Pb) were determined for the 
unfractionated soil (<2mm), and each fraction (coarse sand, fine sand, silt, and clay). The 
six heavy metals increases with decreasing particle size, except HMF coarse sand which 
has high V and Cr concentrations. (Thanks to Eleanor Ojinnaka for contributing to this 
data).
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HMF LSP 14/16LSP43
Figure 21. Specific surface area (m2/g) of soils from HMF, LSP sites 43 and 14/16 
(<2mm) and fractions (coarse sand, fine sand, silt and clay). The specific surface area 
was calculated using Malvern Mastersizer 2000. The specific surface area increases with 
decreasing particle size.
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Figure 22. Organic Matter, determined by LOI, for soils from HMF, LSP sites 43 and 
14/16 (<2mm) and for fractions (coarse sand, fine sand, silt and clay). The trend is 
similar at LSP 43 and 14/16, where the percent organic matter increases with decreasing 
particle size. HMF has the highest percent organic matter content in the coarse sand 
fraction. (Thanks to Danielle Le Roux for contributing to this data).
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HMF LSP 43 LSP 14/16
Figure 23. Percent moisture (%) for soils (<2mm) from HMF, LSP sites 43 and 14/16. 
The moisture increases with increasing metal concentrations.
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Figure 24. pH of soils from HMF, LSP sites 43 and 14/16 (<2mm). (Thanks to 
Thamanna Misbah for the use of this data).
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Table 1. List of synthetic substrates with Sigma Aldrich #, and the extracellular enzymes 
function.
Enzyme Function Artifical Substrate (Sigma 
Aldrich #)
Phosphatase Releases phosphate from 
phospho-monoe sters
4-MUB-phosphate
(M8883)
Cellobiohydrolase Releases disaccharides 
from cellulose
4-MUB-p-D-cellobioside
(M6018)
L-Leucine-amino- Dégradés proteins into L-leucine-7-amido-4-
peptidase amino acids methylcoumarin (L2145)
Table 2. Heavy metal concentrations (jag/gdry) of six metals (V, Cr, Cu, Zn, As, and Pb) 
for soils from each site (HMF, LSP 48, 43, 14 and 14/16).
Site V
(Pg/g)
Cr
(Pg/g)
Cu
(Hg/g)
Zn
(Pg/g)
As
(Hg/g)
Pb
(Pg/g)
HMF 20.32 13.77 9.12 45.77 1.64 19.39
LSP 48 21.47 23.01 66.75 97.82 9.34 177.98
LSP 43 26.40 20.66 67.65 80.69 16.42 209.50
LSP 14 21.82 18.91 52.25 69.69 15.71 243.50
LSP 14/16 137.29 96.37 76.39 140.69 31.73 414.71
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Table 3. Pearson Correlations (r) of enzyme activities (Phosphatase, Cellobiohydrolase, 
and L-Leucine-amino-peptidase) with various heavy metals and moisture. The p value, 
how significant the correlation was is in parenthesis.
V Cr Cu Zn As Pb Moisture
Phosphatase
activity
0.9865
(<0.01)
0.9780
(<0.01)
0.3582
00.1)
0.7994
00.1)
0.7668
00.1)
0.7102
00.1)
0.4478
00.1)
Cellobiohydrolase
activity
0.9521
(0.0125)
0.9255
(<0.05)
0.1986
00.1)
0.6663
O0.1)
0.6999
00.1)
0.6112
00.1)
0.3350
00.1)
L-Leucine-amino-
peptidase
0.9422
(0.0166)
0.9146
(<0.05)
0.2317
00.1)
0.6783
O0.1)
0.6899
00.1)
0.5873
00.1)
0.4388
00.1)
Table 4. Pearson Correlations (r) of enzyme activities (Phosphatase, Cellobiohydrolase, 
and L-Leucine-amino-peptidase) with other enzyme activities.
TSN
%
TOC
% P (ppm) Gravel
Coarse
Sand Sand
Fine
Sand
Silt/
Clay
phosphat
ase
0.821 0.681 0.452 -0.45 0.97 0.33 -0.24 -0.12
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Table 5. Average of pins 1-5 for the phosphatase activities (pmol/g*hr) and heavy metal 
concentrations (V, Cr, pg/g) from each site (HMF, LSP 48, 43, 14 and 14/16).
Site Avg. Phosphatase
Activity
(pmol/g*hr)
Avg of five pins 
Metal (V, pg/g)
Avg of five pins 
Metal (Cr,
Mg/g)
HMF 463,505 15.29 12.30
LSP 48 351,947 25.21 27.97
LSP 43 331,263 26.40 22.08
LSP 14 308,906 24.44 20.45
LSP
14/16
1,457,394 136.15 93.10
Table 6. Percent standard deviation (%) of the phosphatase activities (pins 1-5) and 
heavy metal concentrations (pins 1-5) (V, Cr) from each site (HMF, LSP 48, 43, 14 and 
14/16).
Site % Std dev. of five 
pins Phosphatase 
Activity 
(pmol/g*hr)
% Std. dev. of 
five pins Metal 
(V, pg/g)
% Std. dev. of 
five pins Metal
(Cr, pg/g)
HMF 16.84% 3.68% 4.17%
LSP 48 40.73% 14.67% 29.79%
LSP 43
21.15% 16.76% 20.95%
LSP 14 59.21% 28.78% 51.34%
LSP
14/16 55.43% 37.64% 32.24%
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rTable 7. Average of pins 1-5 for the heavy metal concentrations (Cu, Zn, As, and Pb, 
pg/g) from each site (HMF, LSP 48, 43, 14 and 14/16).
Site Cu (Avg. of 
five pins, p/g)
Zn (Avg. of 
five pins, p/g)
As (Avg. of 
five pins, p/g)
Pb (Avg. of 
five pins, p/g)
HMF 8.00 31.14 1.41 16.87
LSP 48 79.40 103.55 11.42 206.39
LSP 43 64.69 59.58 17.07 204.81
LSP 14 56.53 61.25 16.30 283.24
LSP 14/16 76.69 126.01 30.96 405.39
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